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SUMMARY

TestshavebeenconductedontheLangleyhelicoptertesttowerto
determinetheverticaldragsmdpressuredistributionsactingon flat
panelsmuntednormalto therotorslipstream.Thepsnelsweretested
withsemispansof a rotorradiusandof one-halfa rotorrsdlusat
positionsfrcm0.05to 0.64of a rotorradiusbeneaththeplaneof zero.
flapping.

Calculationsoftheverticaldragby useof a strip-analysisproce-.
dureoutltiedinthispaperandtheassumptionof a fullycontracted
wakeagreedwellwiththeexperimentalresultsovertherangefrom0.20
to O.& rotorradiusbeneaththeplme of zeroflapping.

Thepressurepulsecausedby thepassageofthebladeoverthe
panelsisa maximumat aboutthe0.8radiusstation.At thisstation,
thepulsepressuredecreasesfrom10ttiesthediskloadingperblade
at0.05radiusbeneaththeplaneof zeroflappingto aboutone-hsJ3of
thediskloadingperbladeat 0.64radius
flapping.

No changeinrotorpowerat constsnt
theparticularsizeor arrangementofthe
panelscompletelyremoved.

INTRODUCTION

beneaththeplaneof zero

rotorthrustwasobservedwith
panelstestedor evenwiththe

Thelossinavailsble rotor thrust smdtheincreaseinaerodynamically
inducedvibrationduetothepositioningof suchitemsas fuselsges,wings,

. nacelles,andtailsintheslipstreamof a rotorhasbecomeof increasing
importancewiththeadventoftheconvertiplmeandthetrendtoward
higherdiskloadingsforhelicopters.Theabilityto determinethever-. ticaldragandtheperiodicairloadsactingontheseitem isnecessary
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ifthedesigneristo obtainanaccurateestimateoftheperformanceof .

theaircrsftan~ofthesmplitudeandfrequencyoftheaerodynamically
inducedvibrations. *

Reference1 describessomeinitisldataobtainedto determinethe
lossinrotorstaticthrustdueto a fixedsurfacelocatedintheslip-
streamoftherotor.Itwasfoundthat~fora flatpanelextendingthe
fullrotordiameterat0.33and0.67of a rotorradiusbeneaththeplsne
of zeroflapping,thepercentlossinrotorstaticthrustwasroughly
equalto 0.7ofthepercentblockeddiskarea.No chsmgein-powerdue
to thepresenceofthepanelwasobserved,andno attemptwasmadeto
measuretheperiodicairlosds.

Thepresentinvestigationhasbeenconductedto determinefora
hoveringrotortheaccuracywithwhichtheverticaldrsgona flatpanel
intheslipstreamoftherotormaybe cmnputedandto determinethe
_tude anddistributi~oftheperiodic~dtk steady-stateairloads
actingonthepanel.Theflatpanelsusedinthisinvestigationare
consideredrepresentativeofwingsurfaces.Thedragcoefficientsof
panelsnomal to anairstreemarereadilyavailable.Itseemsplausible
that,iftheloadonthepanelscanbe congxztedWithreasondbleaccuracy, -
theloadon enyshapedbodycsnbesimilarlycomputedifthedragcoef-
ficientofthatbodyislmown.

Qhepanelsweretestedwithsemis-pansof a rotorradj.usandof
●

one-halfa rotorradius.Theareaoftheflatpanelswas0.136ofthe
rotordiskareaforthelargerspansndO.@ ofthediskareaforthe .
shorterspan.Thepanelsweretestedatpositionsvaryingfrom0.05
to0.64of a rotorradiusbeneaththepl=e of zeroflappingandat
rotordisk10adings of1.36and2.36lb/sqft.

SYMBOLS

b panelspan,ft

B nuniberofblades

c panelchord,ft .- ..

D verticaldragofpanels,lb

P~ - Pa steady-statepressurebetweenuppersurfaceofpanel
andundisturbedatmosphericpressure,lb/sqft

.
Pu - P2 steady-statedifferentialpressurebetweenupperand

lowersurfacesofpanel,lb/sqf% w

,
-—
—
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.
A(PU- Pa) @ segressurereferencedto atmosphericpressure,lb/sqft

g
(

Apu - P2) differentialpulsepressme,lb/sqft

r radialdistance,ft

R rotorradius,fi

s projectedsx’eaofpmelajlb/sqi%

T rotorthrust(rotorshafttensionforce),lb

z distancebeneathrotorplaneof zeroflapping,ft

APPARATUS

TheLangleyhelicoptertesttowerisdescribedinreference2. ‘The
majormodificationsto thetowersincetheptilicationofreference2. arean enlargementoftheworkingareaatthebaseofthetowerandthe
replacementoftheinternalconibustionengineby a 3,000-horsepower
variable-frequencyelectricmotordrive..

RotorBlades

Thehelicopterrotorwasa conventionaltwo-bladerotorwithflapping
hingeslocatedontherotorshaftandwithdraghingeslocated12 inches
fromthecenterofrotation.Thebladeswereofplywoodconstruction
smdhada radiusof18.74feet,an eqyiv~entchordof 9.4inches,a
solidityof0.027,no twist,andanNACA23015airfoilsection.A view
oftherotorbladesandflatpsnelsasmountedonthetowerisshownin
figure1.

FlatPanels

Theflatpanelsweremadeofplywoodandweremountednormaltothe
rotorslipstream.A skettioftheflatpanelsandrotorisgivenin
figure2. Thepsmelshada chordof 4 feetandweretestedwithsemispans
of a rotorradiusad of one-halfa rotorradius.Testsweremadewith
thepanelslocated
of zeroflapping.

.

“

at1,2, 3, 4, 6,8,10,smdW feetbeneaththeplane
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Verticsl-Loal-d Pressure-Measurements .

Theaverageverticalloadonthepanelswasmeasuredby electrical
straingagesmountedonthepanelsupportasindicatedinfigure2.

.
,,

Thepressuresweremeasuredby NACAminiatureelectricalpressure
gages(ref.3)locatedononeofthepanelsas indicatedinfigure2.
Thesegageswereusedtomeasurethedifferentialpressureacrossthe
panel,thatis,betweentheuppersndlowersurfaces,@ alsotomeasure
thedifferencebetweenthepressureontheuppersurfaceendtheundis-
turbedatmosphericpressure.Thegsges,werelocatedat spanwisestations
of 30~40S50s65,80,90,and99.’5percentoftherotorradiusandchord-
wisestationsof 35,50,and85percentofthechord.Thesignalfrcmthe
pressuregagewasrecordedbyan

METHom

oscillograph.

ANDACCURM!Y

Thetestmeasuraentsweremadeata windvelocityof zeroandfor
steady-stateoperatingconditions.Thetestprocedurewastoestablish

—

a constsntrotortipspeedof500ft/secsndthentovarythediskloading -
throughthedesiredrange.Datawereobtainedatdiskloadingsof
o,1.36, and2.361b/sqft. Thisprocedurewasrepeatedforeachpanel .
positionandconfiguration.

Thetestswereconductedforratiosofpanelareatorotordisk
areaof0.136forthelarge-spanpanelsand0.068forthesmall-span
panels.

ESTIMATEDACCURACII?S

Theestbnatedaccuraciesofthebasic,quantitiesmeasuredinthe
testareasfollows:

Rotorthrust,lb . . . . . . . . . . . . . . . . . . . . . . . .iG20
Rotortorque)ft-lb.. . . . . . . . . . . . . . . . . . . . . *2o
Rotoranguhrspeed,~ . . . . . . . . . . . . . . . . . . . . +1
Pressures,percent.. . . . . . . . . ... . . . . . . . . . . . *5
Panelload,Ib. . . . . . . . . . . . . . . . . . . . . . . . . *4

Theoverallaccuracyoftheplottedresultsisbelievedtobe
+3percentexceptfortheplottedpre$swedatawhichisbelievedto
be within*Spercent. .

.
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RESUIZ5ANDDISCUSSION

Thedataobtainedinthisinvestigationhavebeenanalyzedinterms
oftheverticaldrsgofthepsaelsandthesteady-stateandtheperiodic
pressuresactingonthepanels.Theverticaldrag,whichwillbe discussed
first,hasa directbesringontheperformanceoftheaircraft.Theperi-
odicairloads,discussedsubsequently,canhavesmimportanteffecton
theaircraftvibration.

Fora givenrotorthrustandtipspeed,no changeinrotorpower
wasobservedforanyof
or evenwiththepanels
expectedifmuchlsrger

thepanelconfigurateionsorpositionstested
removed.However,some“groundeffect”couldbe
panelswereused.

VerticalDrag

Theratioofverticaldragto rotorthrust(whichistakenasthe
tensionintherotorshaft)ispresentedinfigure3 as a functionof
thedistancebeneaththeplaneof zeroflapping(nondimensionalized
as z/R) forthetwospanstested.Theexperimentalpotitspresented
weretakenfromstrain-gagemessurementsoftheverticaldragat a

* diskloadingof2.36lb/sqft. Datatakenat a diskloadingof
1.36lb/sqft showexcellentsgreaentwiththeresultsof figure3.
Theshort-spanpsnelwasnottestedatdistancesoflessthsn0.2R
fromtheplsneof zeroflapping.

Onthelarge-spsnpsael,theverticaldragdecreasesfrom11percent
to 9.3percentoftherotorthrustasthepanelismovedfromO.O% -
to O.2Rbeneaththeplaneof zeroflapping.FromO.2Rto O.65Rbeneath
therotor,theverticsldregremainsrelativelyconstantatshout8.5
to 9 percentoftherotorthrust.Thisvertical-dragvsluecorrespondsto
a lossin availablerotorthrustofshout66percentoftheratioof
panelsxeato rotordiskmea, whichsgreesreasonablywellwiththe
valueof 0.70citedinreference1. Forthemall-spsmpanels,thever-
ticaldragaveragesabout2 percentoftherotorthrustforpanelpositions
from0.2Rto 0.64Rbeneaththeplaneof zeroflapping.

Franthedataavail~leofthisinvestigation,it appearsthatthe
verticaldragforpsmelpositionsfrom0.2Rto
followtherelationship

0.64Rwili- approximately

(1)



Thenonuniformvariationofrotorinducedvelocityrequiresthata term,
.

b/2
suchas ~, be includedinequation(1)inordertopredicttheloading
onpanelshavinga spanlessthana rotordismeter.

b
Additionaldata

b/2coveringintermediatevaluesof — wouldbenecessaryto clarifythe
effectofwakecontraction.ThepRmello&lingdefinedbyequation(1)
increaseslinearlywithradialdistsmce.Evidently,cmnpensatingerrors
arepresentwhentheequatianisusedinasmuchasdatadiscusseds@se-
quentlyshowthatthepanelloadingdepar!%somewhatfroma triangular
distribution.

Vertical-drsgcalculations.-Inorderto calculatetheverticaldrsg,
it isnecessarytotaketherotorwakecontractionintoaccount.Inthis
paper,theassumptionismadethattherotorwakeboundaryislocatedat
75Percentoftherotorradiusata distanceof0.25Rbeneaththeplane
of zeroflappingandthatthewakeisfullycontractedata distanceof
0.60Rbeneaththeplaneof zeroflapping.Furthermore,theassumption
ismadethattheflowwithinthetiboard20percentoftheradiusis
negligibleandthattheairpassingthroughthisstationproceedsdown-
wardwithno changein spanwisestation.Thiswakegeometryisbasedon
visualstudiesoftheairflowusingsmoketogetherwithwake-velocity
studiespreviouslymadeontheLangleyhelicoptertesttower.

Withtheseassumptions,theverticaldrqgofthepanelcaabe com-
putedby useofa strip-analysisprocedure.Thisprocedureisbasedon
a computationoftheinducedvelocitiesintheplaneoftherotor.The
distributionof dynsznicpressureonthepsnelsisobtatiedfromthis
velocitydistributioncorrectedforthewakecontraction.Thedrag
coefficientsfora flatplatenormalto a uniformflowwereobtained
frcmreference4. Dragcoefficientsof1.2-3and1.18weredeterminedfor
thelarge-andsmall-spanpanels,respectively.Thesecoefficientsare
basedontheaspectratioofthepanelsandareassumedconstantfor
stationsalongthe~snel.

Theresults of thesecalculationsaregiveninfigure3. Forthe
large-spanpsnels,thecalculationassumhga fullycontractedwakeis
ingoodagreementwiththeexperimentald@ta_at0.6Rbeneaththeplane
of zeroflapping.Theverticaldragcal@iLatedbyassti& M inconiplete
contractionto O.~ at0.3R belowtheplaneof zeroflappingis about
20percentlessthantheexpertientalvalue.Aswill.be discussed
subsequently,thisdifferencebetweenthecalculatedand~ertientsl
valuesatpanelpositionsneartherotor,appearstobe pr~ily due
totheperiodicairlosdsactingonthepanel.

Fortheshort-spanpanel,thecalculationfor Zp = 0.6 (wake
fullycontracted)predictsa verticaldragof shout30percentabove
theexperimentalvalues,whereasthecalculateddragfor”Z/l?= 0.2.5

.

—

●

✎
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. (wakepsrti.allycontracted)is13percentlessthantheexperimental
values.Althoughthepercentdiscrepancyislarge,theactualdrag
discrepancyasa fractionoftherotorthrustisverysmall;either
assumptionwithregardtothewakecontractionwouldgivesufficient
accuracy.

Spanwisecenterof10ading.-Theexperhnentalcaterofloadingfor
thelarge-spanpanelvariedfrom0.62RatO.lRbeneaththerotorto 0.53R
at0.65Rbeneaththerotor.Fortheshort-spanpanel,thespsmwisecenter
ofloadingremainedconstantataboutO.@R overtherangefrom0.2R
to 0.64Rbeneaththerotorplaneof zeroflapying.Centersofloading
outboardofthepanelmidpointareexpectedfroma considerationofthe
spsmwisedistributionof inducedvelocity.

PressureDistributions

Thepressuremeasurementsareofuseindeterminingthesteady-state
andtheperiodicaerodynamicloadingonthepanels.Oscillogr~hrecords
conqywingthepressure-gagetracesatdiskloadingsofO sndshout
2.3lb/sqftforthepanelshavinga semispanofa rotorradiusare.
presentedinfigure4. Recordsarepresentedforvariousdistances
beneaththerotorplaneof zeroflapping.Measurementsofthedifferential

. pressure,whichrepresentsthetotalloadingon a psmel,aswellasthe
differenceinpressurebetweentheu~er surfaceofthepanelandthe-
undisturbedatmosphericpressurearepresented.Thespanwiseandchordwise
locationofthepressuregagesarenotedontherecord.

Thepressuresactingonthepanelsarecmposedof a relatively
stesdy-statecomponentthatexistsinthewakebetweenbladepasssgesand
a periodiccomponentthatoccursas eachrotorbladepassesoverthe
panel.Thisperiodiccomponentistermedthepulsepressure.

TheerraticbehatiorofthegageslocatedatO.gRand0.993Rappesrs
tobe duetothevortexfr- therotorbladetip. Thisvortexcancause
relativelylargepressurefluctuations,asmaybe seeninfigure4(c).
I@eriencehasshownthattheregioninfluencedby thetipvo~will
changewithtimeevenina hoveringconditiontiasmuchasthevotiex
shiftspositionina randommsmner.

Pulse-pressuredistribution.-Thepulsepressurewuuldbeecpected
to in~easetithsn increaseindiskloading.At constantdiskloading,
an increaseinthenumberofbladeswouldbeexpectedto decreasethe
pulsepressure.Closeto therotor(andfora constantdiskloadingand
numberofblades),anincreaseinbladechordwouldbe expectedto decrease

. themaximumpulsepressure.However,thetimeoverwhichthepulseacts
wouldbe increased.Fartheraway,thepulsepressurewoulddependonly
onthebladelift. A pulse-pressurecoefficientmightthenbedefimed

w asbe- theratiooftiepulsepressureto thebladeliftor diskloading
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perblade..Twomethodsareusedinmeasuringthepul~epressurespresented -
inthispaper:Inonemethodthepulsepressureisdefinedu theUf -
ferencebetweenthepressureontheuppersurfaceofthepanelandthe
undisturbedatmosphericpressurejintheothermethodit isdefinedasthe

.

differentialpressurebetweentheuppersmdlowersurfacesofthepanel.
.-

~ figure5,thespanwisedistributionofthepulse-pressurecoef-
ficientisplottedfordistancesfrcm0.05Rto 0.6kRbeneaththerotor
planeof zeroflaming.Thepulse-pressurecoefficientsutilizing
bothmethodsdescribedpreviouslyarepresented.Bee-e oftheerratic
behaviorofthepressureintheregionofthebladetip,thepulsepres-
sureasdefinedisnotobtainable.Inplaceofthesepressties,the
maximumandmininnnnpressurecoefficientsarepresented,anddashedlines
areusedto representthesepoints. —

Thepulse-pressurecoefficientreferencedtoundisturbedatmospheric
pressurehasa largervsluethanthedifferentialpulse-pressurecoef-
ficientatthesamestation,althoughthefluctuationinpressurecoef-
ficientatthewingtipis somewhatgreaterforthedifferential-pressure
reference.Bothpulse-pressurecoefficientsarea msxhmmataboutthe
0.8Rspanwisestation.Thespsmwisedistributionbecomesmoreuniformas
thedistsncebeneaththerotorincreases. —

At z/R= 0.05 and0.8Rsparwisestation,thepulsepressure,ref-
erencedtoundisturbedatmosphericpressure,is10timesthediskloading

.

perblade.Thisvaluedecreasesrapidlyuntil,at 2/% = 0.d4 and0.8R
spanwisestation,thepulsepressweis&boutone-halfofthediskloading
perblade.Theseratherlargeperiodicloai@occurringattheblade-
passsgefrequencypointouttheimportanceof avoidingfuselageorwing
structuralfrequenciesatorneartheblade-passagefrequencysincethis
couldlesdtohighvibrationlevelsandfatiguefailures.A SiMihU’
discussionwouldapplyto thedifferentialpulse-pressurecoefficients.

Steady-state-pressuredistribution.-Thesteady-statepressurethat
actsonthepanelbetweenblaikpassagesmaybe nondimensionalizedby
dititMngthepressureby thediskloadingto obtainthesteady-pressure
coefficient.~ figure6,plotsarepresentedofthespsnwisevsriation
ofthesteady-pressurecoefficientat0.50cfordist~cesfran0.05R
to O.@lRbeneaththerotorplaneof zeroflapping.Thepressureis
presentedwithreferencetoundisturbed:atmosphericpressuresndasthe
differentialpressurebetweentheupperan&lowersurfacesofthepanel.

As inthecaseofthepulsepressure,themaximumsteady-statepres-
—

sureoccursnearthe0.8Rspanwisestationsmdthepressuredistribution
tendstobecomemoreuniformasthedis~sncebeneaththerotorincreases.
Thistendencyagreeswiththeobservationthattk”centerofloading
movesslightlyiribogrdasthevalueof z/R isincreased.
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. Themaximumval.ueofbothsteady-pressurecoefficientsis shout
equalandremainsnearlyconstantatabout0.7 to 0.9ofthediskloading
forthetestrangeofvaluesof z/R. Themaineffectof increasingz/R.
isto increasethepressureovertheinboardregionswithonlynegligible
changesatthe0.8RSpmtisestationwheremaximmpressureoccurs.

RelationofPeriodicandSteady-StatePressurestoVerticalDrag

Thedrsgcoefficiatsusedinthestrip-theorycalculationsdisc~sed
inthesectionentitled“VerticsLdragcalculations”areforsteady-state
conditionsanddonottakeintoaccounttheiqulseactingonthepanel.
Inan effortto explainthedifferencebetweenthecalculatedsndexperi-
mentalvaluesofthevertical.draggiveninfigure3, a spanwtseinteg-
rationofthesteady-statepressurewasperformedandtheareaunderthe
pressurepulsesshownintheoscillographrecords(fig.4)wascmpared
withthema underthesteady-statepressuretrace.Theresultsindicate
that,ifonlythesteady-statepressuresareintegrated(assuminga uni-
formchordtisepressuredistribution),thedragvsluesareverysimilsr
tothecalculatedvaluesoffigure3.

Iftheperiodicloadingis included,thevertical-dragvaluesagree
withtheexperimental.strain-gsgedatainfigure3. Thisagreementmay
be showninfigure7 whichgivestheratioofthetimeaverage~eriodic.
loadingto thesteadyloadingas a functionofthedistancebeneaththe
planeof zeroflapping.Thevaluespresentedrepresenttheaveragevalue
betweenthespanwisestationsof 0.3Rto 0.9R. At Zfi = 0.25,thettie-
averageperiodicloadis about25percentofthecalculatedlosding.
Thetotalloadingat z/R= 0.23 isthenabout1.25t-s thesteady
loadingorabout9 percentoftherotorthrust.Thisvalueagreeswith
the~ertientel&;a of figure3.

CONCLUSIONS

TestshavebeenconductedontheLangleyhelicoptertesttowerto
determinetheverticaldragandpressuredistributionsonpanelsmounted
belowa helicopterrotorandnormalto therotorshaft.Thepanelswere
testedwithsemispansof a rotorradiusandof one-halfa rotorradius
andhadsreasof0.136and0.068oftherotordisksrea,respectively.
Thepanelsweretestedatpositionsfrom0.05to O.& of a rotorradius
beneaththeplaneof zerof@pi@. ScmEofthemorepertinentfindings
areasfollows:

. 1. Calculationsofthevertical.dragbyuseof thestrip-analysis
procedureoutlinedinthispaperandtheassmptionofa fullycontracted
wskeagreewelltiththeexperhentslresultsovertherangefrcm0.20

.
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to 0.64of a rotorradiusbeneath
accurateestimateofthevertical

theplsneof zero
dragatdistances

NK?A‘m 3900

flapping. Foran
oflessthan0.2of

a rotorradiusbeneaththerotorplan=ofzeroflapping,itisnec”es6s&y

.

.
to takeintoaccountthepulsepressurecaugedbythepassageofthe
rotorbladesoverthepanel.

2,Fr6m”thedataofthisinvestigation,itappearsthattheratio
ofverticaldragto rotorthrustforptielpositionsfrom0.2rotor
radiusto 0.64rotorradiusbeneaththerotorplaneof zeroflappingis
about66percentoftheproductoftheratioofpanelareato rotordisk
areaandtheratioofpanelsemispa.nto rotorradius.

,.

3. Thepulsepressureis a maximumataboutthe0.8radiusspantise
station.Atthisstation,thepulsepressuredecreasesfrom10times
thediskloadingperbladeatO.@ radiusbeneaththerotorplaneof
zeroflappingto aboutone-halfofthediskloadingperbladeat
0.64radiusbeneaththerotorplaneof zero“flapping.

4.Thesteady-statepressure,thatis,thepressureinthewake
betweenbladepassages,isalsoa maximumataboutthe0.8radiusstation.
Overthetestramgeofdistancesbeneaththerotor,themaximumpressure
remainedrelativelyconstantat0.7to 0.9ofthediskloading.

5.Forthetestrangeofvari~les,no changeinrotorpowerat .
constantrotorthrustwasobservedwithchangesh panelpositionor
evenwiththepanelscompletelyremoved.

LangleyAeronauticalI&oratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.,Septeaiber20,1956.

.
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(a)l)i~ferentlalpreamue;z/R=0.0s3.

Figure 4.- Oscillo~aphrecord of pressure distributionon panel.
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(b) Referenced to undisturbedatmosphericpressurej z/R = 0.053.

Figure h.- Conthued.
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(c) Differentialpressme; z/R= o.21h.

Figure k.- Continued.
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(d) Referencedtounillsturbedatmspheric pressure; z/R= o.214.

Figure 4.- Continued.
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(f) Refarenced to undisturbedatmosphericpressure; z/R = 0.64.

Figure 4.-co~lu~a.
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(b)Differentialpressure.

Figure5.- Spanwisevariationofpulse-pressurecoefficientforvsrious. positionsofflatpanelbeneaththerotorplaneof zeroflapphgj
rotorsolidity= 0.027.
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(b)Differentialpressure.

Figure6.-Spanwisevariationof steady-pressurecoefficientforvarious
distancesofflatpanelbeneathrotorplaneof zeroflapping.’
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